Introduction
Semiconductor nanowires are especially attractive building blocks for assembling active and integrated nanosystems since the individual nanostructures can function as both device elements and interconnects. Among wide band gap II-VI semiconductors, ZnO seems to be one of the most promising materials for optoelectronic applications. This is due to its stable excitons, having a large binding energy of 60 meV [Ellmer et al., 2008 , Jagadish & Pearton, 2006 , which is important for applications of UV light-emitting devices and laser diodes with high efficiency. Therefore, growth of p-type conductive ZnO material is a prerequisite step since ZnO is intrinsically n-type [Look et al., 2001] . The growth of semiconductor nanowires with reproducible electronic properties, including the controlled incorporation of n-type and/or p-type dopants, has been realized in silicon, indium phosphide, and gallium nitride [Lieber & Wang, 2007] . In comparison with the semiconductors mentioned above, doping of ZnO seems more difficult not only for wires but films and bulk crystals due to the low dopant solubility and the self-compensation effect of intrinsic defects [Park et al., 2002] . It is also desired to more deeply understand the underlying doping physics [Zhang et al., 2001] for the achievement of a high-quality compound-semiconductor p-n junction. Until now, there are only few reports on doped ZnO nanowires for p-type conductivity, possibly due to the obvious difficulties in both growth and optical/electrical characterization. Liu et al. [2003] prepared boron-doped ZnO nanowires and ZnO:B/ZnO nanowire junction arrays by a two-step vapor transport method in pores of anodic aluminum oxide membrane. A p-n junction-like rectifying behavior was observed. Lin et al. [2005] also reported a p-n rectification behavior of nitrogen doped ZnO (ZnO:N) nanowires/ZnO film homojunctions, where the ZnO:N nanowires were prepared by a post-growth NH 3 plasma treatment. Both reports did not contain any optical or electrical characterization of single (probably p-type) doped ZnO nanowires. Lee et al. [2004] prepared arsenic-doped ZnO nanowires by post annealed ZnO nanowires grown on GaAs substrate and observed arsenic induced acceptor bound exciton emission at 3.358 eV. Shan et al. [2007] reported the preparation of arsenic and phosphorus (co)doped ZnO nanowires also by an annealing method using ZnSe nanowires and GaAs/InP substrates as precursor and dopants, respectively. Recently, Xiang et al. [2007] 118 reported the p-type ZnO nanowire growth with chemical vapor deposition using phosphorus as dopants. The p-type conductivity of the doped wires was illustrated with gate-voltage dependent conductance measurements of single ZnO:P nanowires with field effect transistor (FET) configuration. However, p-type conductivity was not stable and converted to n-type three months later. Similarly, Yuan et al. [2008] reported the growth by chemical vapor deposition (CVD) of nitrogen doped ZnO wires which showed p-type FET characteristics. Lu et al. [2009] reported the growth of p-type ZnO nanowires also with CVD using Zn 3 P 2 as dopant. Moreover, energy conversion using the p-type ZnO NWs has also been demonstrated and the p-type ZnO NWs produce positive output voltage pulses when scanned by a conductive atomic force microscope (AFM) in contact mode while the n-type nanowires produced a negative voltage signal. Consequently, it seems that doped p-type ZnO wires come into reality. But, the doping induced optical fingerprints were not clearly identified and p-n junctions built from p-type ZnO nanowires are still not available. In this Chapter, after the brief review of the research progress on p-type ZnO wires, some important results obtained in our group on p-type ZnO nanowires and microwires are summarized. In the second section, the high-pressure pulsed laser deposition (PLD) and carbothermal evaporation growth methods for doped wire growth will be described. Optical and electrical characterizations of the doped wires will be discussed in detail in the third section. This Chapter ends with a brief summary, which also includes our personal remarks on future research of p-type ZnO wires. Fig. 1 . Schematic illustration of the high-pressure PLD chamber for pure and doped ZnO nanowire growth with a T-shaped quartz tube. From Ref. [Lorenz et al., 2005] .
Growth of phosphorus doped ZnO wires
Two methods, high-pressure pulsed laser deposition and carbothermal evaporation, were applied to grow phosphorus doped ZnO wires with diameter varied from 100 nm to 10µm. PLD is a well established growth method for thin films by condensation of laser plasma ablated from a target, excited by the high-energy laser pulses far from equilibrium [Willmott & Huber, 2000] . Figure 1 shows the scheme of the high-pressure PLD chamber specially designed for ZnO nanostructures using a T-shaped quartz tube with an outer diameter of 30 mm in the Leipzig semiconductor physics group [Lorenz et al., 2005] . A KrF excimer laser beam enters along the center of the tube and is focused on the cylindrical surface of the selected targets. The laser energy density on the target is about 2 J/cm 2 , which is similar to conventional PLD film growth conditions. An encapsulated heater with an arrangement of KANTHAL wire in ceramic tubes and FIBROTHAL isolation material is built around the Tshape quartz tube. The growth temperature is usually chosen between 500 and 950 °C as measured by a thermocouple. Argon flow of 0.05 to 0.2 l/min was usually selected as carrier gas and the growth pressure ranged between 25 and 200 mbar. The a-or c-plane sapphire substrates (size 1×1 cm 2 ) were arranged of-axis, i.e. parallel to the expanding plasma plume. PLD generally facilitates stoichiometric transfer of the chemical composition of a multielement source target into the grown samples [Chrisey & Hubler, 1994] . Therefore, if the ablated target is doped, the corresponding samples are expected to have the similar composition to the targets. For phosphorus doping of ZnO nanowires, phosphorus pentoxide (P 2 O 5 ) was select as dopants for acceptors. Figure 2 shows a scanning electron microscopy (SEM) image of ZnO wires using doped ZnO targets with different P 2 O 5 concentration. Figure 3 shows typical energy dispersive x-ray spectroscopy (EDX) results detected from a single doped nanowire. The phosphorus signal is clearly observed. The Fig. 2 . SEM images of ZnO:P wire grown with PLD using (a) 1 wt% P 2 O 5 and (b) 2 wt% P 2 O 5 doped ZnO targets at 100 Torr and 900 °C .
weight percentage of phosphorous in the nanowire is about 1 wt%, which is smaller than the phosphorus concentration (1.7 wt%) in the target. This is probably caused by the different vapor pressures of zinc and phosphorus related species in the laser ablated plume and different sticking coefficients [Ohtomo et al., 1998 ]. .
In our group, vapor phase transport and deposition process was also employed for the growth of ZnO nanowires and microwires, as proposed by Huang and Yao [Huang et al., 2001; Yao et al., 2002] . This method, also called carbothermal evaporation, is widely used for growth of nanowires, and it has relations to other methods, such as chemical vapor deposition (CVD), metal-organic chemical vapor deposition (MOCVD), physical vapor deposition (PVD). Carbothermal evaporation has been conventionally used to synthesize one-dimensional and other complex oxide nanostructures, including ZnO as reviewed recently by Wang et al. [2009] . Here, the standard process was developed to synthesize doped ZnO microwires by direct thermal evaporation of a pressed ZnO/graphite (mass ratio 1:1) target doped with P 2 O 5 (15 wt%) at ambient pressure. The growth temperature was as high as 1100 °C and the microwires grew directly on the pressed target. Figure 4 shows a typical SEM image of doped ZnO microwires produced by this method. Such microwires are easily visible with optical microscopy and, therefore, are more convenient for device fabrications.
3. Optical and electrical properties of ZnO:P wires 3.1 Optical properties of ZnO:P wires To study the doping effect on the physical properties of ZnO nanowires and also identify the conductivity type of the doped nanowires, optical properties were first investigated by cathodoluminescence (CL) spectroscopy. More detailed description of the CL measurement system can be found in Ref. [Nobis et al., 2004] . A low temperature CL spectrum at T=10 K of undoped ZnO nanowires grown with PLD using pure ZnO target is shown in Figure 5 . It is dominated by an emission peak at 3.360 eV (I 6 ) originating from the aluminum-related neutral donor-bound excitons (D 0 , X) [Meyer et al., 2004] . On the high energy side of this peak, the minor peaks at 3.365 and 3.377 eV are the I 3a donor-bound exciton and the free-exciton (FX) recombination, respectively. The peak at 3.325 eV is due to two-electron satellite (TES) emission. The weak peaks in the lower energy range from 3.20 eV to 3.33 eV are the optical phonon replicas of the D 0 X. Figure 6 (a) depicts the CL spectra of a single ZnO:P nanowire measured at three points as indicated, which show similar spectroscopic features. The spectra are clearly different from that of undoped ZnO nanowires. Three groups of new emission peaks at 3.356, 3.314, 3.234 [Cao et al., 2007] . eV and their phonon replica were detected. It indicates that these emission peaks are due to the intentional phosphorous doping. The peak at 3.356 eV can be ascribed to the phosphorus-related neutral acceptor-bound exciton (A 0 , X) emission [Hwang et al., 2005 , Vaithianathan et al., 2005 . As for the peak at 3.314 eV, it is a prominent optical characteristic of most p-type ZnO material doped with group V elements. But, its origin is still a matter of debate [Look, 2005] . The origin of the dominant peak at 3.234 eV is also controversial. But, it shows strong longitudinal phonon replica that means that it comes from acceptor-related recombination process due to the phosphorus doping of ZnO. Because, for donor-related lines, only weekly coupling phonon lines can be observed, as shown in Figure 5 . Therefore, the peaks at 3.314 and 3.234 eV could be tentatively ascribed respectively to free electron-toacceptor (e, A 0 ) emission and donor-to-acceptor pair (DAP) emission in agreement with the discussion of nitrogen doped ZnO [Xiong, 2005] . Temperature-dependent luminescence behavior usually can prove the origin of the nearband-gap emissions of semiconductors. Figure 6(b) shows the temperature-dependent CL spectra of ZnO:P nanowires. The peak of (A 0 , X) shows a continuous redshift due to the bandgap shrinkage with increasing temperature, which can be well fitted by the BoseEinstein model [O'Donnell & Chen, 1991] , 00 ,,
with E A 0 ,X (0)=3.356 eV, α B =1.2(±0.2)*10 -4 eV/K, and Θ B =306(±45) K. Its intensity decreases gradually, and eventually vanishes above 175 K due to the ionization of excitons from the acceptor. In this process, no emission of free exciton (FX) can be observed due to the dissociation of free excitons into free electrons and holes caused by the potential fluctuations of the band edges. It suggests that a high concentration of phosphorous dopants has been incorporated. The DAP peak intensity also decreases gradually with increasing temperature and finally disappears above 200 K. This temperature-dependent behavior is typical for the thermal ionization of shallow donors via the pathway of (D 0 , A 0 ) → D + + A 0 + e. The ionized free electrons in the conduction band prefer to recombine with acceptors. As a result, the spectra are dominated by (e, A 0 ) at temperatures of 130-175 K. Figure 6 (c) also depicts the peak energy of (e, A 0 ) can be fitted with
where E e,A 0 (T), E g (T), and E A are the peak position of (e, A 0 ), band gap, and binding energy of the acceptor, respectively. The fitting coefficients α B and Θ B were taken from the fitted values of (A 0 , X) with Eq. (1). The fitted E A of phosphorus acceptor is 122 (±1) meV. It is noted that the temperature dependence of (A 0 , X) differs from that of (e, A 0 ) by k B T/2, which is also the character of the free electron-to-acceptor transition [Ye et al., 2007] . In summary, the temperature-dependent CL results provide additional evidence by optical fingerprints of the phosphorus acceptor recombination in ZnO.
Electrical properties of ZnO:P wires
Homogeneous doped semiconductor nanowires represent key building blocks for a variety of electronic devices. After confirming the successful incorporation of phosphorus acceptors into the ZnO nanowires, the next step to identify the conductivity of the doped nanowires would be electrical measurements by device fabrication, which are always highly desirable. As direct Hall measurements on nanowires are difficult since the necessary two-dimensional configuration of the Hall contacts is hard to achieve, other practicable methods to obtain the conducting type of nanowires are adopted. In this section, p-n junction and field effect transistor (FET) structures were proposed and built with ZnO:P wires for electrical studies.
3.2.1 ZnO:P nanowires / ZnO:Ga film p-n homojunction p-n junctions are of great importance both in modern electronic application and in understanding other semiconductor devices. A typical proposed two-terminal junction composed of doped nanowires and n-type ZnO:Ga film was shown in Figure 7 (a). It was completely grown with PLD. Gallium-doped, n-type conducting ZnO thin films were grown with conventional lowpressure PLD using a ZnO:Ga (5 wt%) target. After deposition of the gold contact strip, these ZnO:Ga film templates were transferred into the high-pressure PLD chamber for growth of the ZnO:P nanowire arrays. The growth conditions were similar to that described in Section 2. After the nanowire growth, the samples were a spin-coated with polystyrene and then exposed to RF plasma at air pressure of 3×10 -2 mbar to free the nanowires' tips from the polystyrene. Finally, Ni/Au top contacts were deposited with a mask on the top of the polystyrene and contacted with gold wire using conductive silver glue. Figure 7 (b) shows a SEM image the top-view of the junction device. Figure 8 (a) shows the I-V curves measured from p 1 -n and p 2 -n, which are two parallel junction structures. The rectifying I-V behavior of the phosphorus doped wires on n-type ZnO film can be reproducibly observed from ten samples with over 50 p-n junctions. Moreover, the reverse parts of the I-V curves measured from p 1 -n, and p 2 -n agree reasonably well with the I-V curve of p 1 -n-p 2 , which is composed of two p-n junction diodes both under reverse bias. This is a strong indication for the p-type conductivity of the doped ZnO:P nanowires. The typical voltage for I=100 µA of the p-n junctions is up to 3.2 V and the forward to reverse current ratio is about 100 at ±3.5 V. The series resistance R s of the p-n junction is about 23 kΩ. The low-voltage forward parts of the I-V curves were fitted with the equation I=I s {exp[e(V-R s I)/nk B T]−1}, i.e., the I-V characteristics of a real diode with negligible shunt resistance, as shown in Figure 8 (b). The ideality factor n of the particular junction in Figure 8 was about 7. 
p-type ZnO:P microwire FET
Another prototypical semiconductor device with broad applications is the nanowire FET. Nanowires configured as FETs have shown to operate at ultralow power below microwatts with enhanced operation speed. For example, studies of nanowire FETs fabricated from boron and phosphorus-doped Si nanowires have shown that the devices can exhibit performance comparable to the best reported value for planar devices made from the same materials [Cui et al., 2003] . Studies have also demonstrated the high electron mobility of epitaxial InAs nanowire FETs with a wrap-around cylindrical gate structure surrounding a nanowire [Thelander et al., 2008] . Moreover, the change in conductance of semiconductor wires as a function of gate voltage can be used to determine the conductive type of a given wire since the conductance will vary oppositely for increasing positive and negative gate voltages [Cui et al., 2003] . Therefore, the FET characteristics analyses were also used to study the doping effect of semiconductor nanowires. Figure 10 (c) shows the corresponding transfer characteristics (I SD -U G ) at a constant U SD of 2 V. In general, the source-drain current increases with increasing gate voltage. This positive slope of the I SD vs. U G curve indicates that the undoped ZnO wire is n-type conducting. It has to be noted that usually the ZnO wire channel could not be fully depleted with such a back-gate configuration. A possible reason is the finite air gap between the gate oxide and the ZnO wire [Keem et al., 2007] . Because gallium is a donor in ZnO, the source and drain contacts of the doped ZnO:P microwire FETs were formed by connecting the ZnO:P wire directly to two separated titanium electrodes, as seen in Figure 9 (c), without further FIB support [Weissenberger et al., 2007] . Therefore, the electrical characteristics of the ZnO:P wire-FETs are sensitively dependent on the particular contacts between the wire and electrodes. Figure 11 shows two groups of typical current-voltage (I SD -U SD ) curves of ZnO:P wire-FETs under different back-gate voltages. All curves are slightly nonlinear, which indicates that the contacts between wire and titanium electrodes are not ideally ohmic. However, in both graphs of Figure 11 . Fig. 11 . Output characteristics (I SD vs U SD ) and transfer characteristics (I SD vs U G , inset) of two different ZnO:P wire-FETs, indicating p-type conductivity of the doped ZnO microwires. From Ref. .
compared to that of the undoped n-type wire FET in Figure 10 (b) . This is further demonstrated by the insets of Figure 11 , where the corresponding transfer characteristics of the ZnO:P wire FETs are shown. The source-drain current decreases with increasing gate voltage. This negative I SD -U G slope is opposite to that of the undoped n-type ZnO-FET. It indicates unambiguously that the conductivity of the phosphorus doped ZnO wires is ptype. In most cases, such ZnO:P wire-FETs could not be fully depleted as shown in Figure  11 (a). However, Figure 11 (b) is an example of a fully depleted ZnO:P microwire channel. At last, the time stability of the p-type conductivity of such ZnO:P wires were investigated by repeated FET and p-n junction measurements. p-type conducting FET characteristics built with microwires grown by carbothermal evaporation were reproducibly observed within six months since their growth. No obvious change of the FET characteristics was found. Thus the time stability of p-type conductivity of the ZnO:P microwires is at least six months. As for the p-n junctions built with ZnO:P doped nanowires grown by PLD after one year, in total about 20 junction samples, about ten still showed the typical rectifying diode behavior as shown in Figure 8 . Therefore, we can state a corresponding time stability of the ZnO junctions. Moreover, electroluminescence experiments with pulsed current excitation (6V/8mA peak current with 1 kHz and 10% duty cycle) on selected junctions showed a very weak, diffuse blue-green light emission. This light emission was visible to the naked eye in complete darkness.
Summary
In summary, we have reviewed the latest progress in the growth and optical/electrical characterizations of p-type doped ZnO wires, especially the work performed in the Leipzig group. Two growth methods, high-pressure PLD and carbothermal evaporation, have been adopted to grow phosphorus doped ZnO wires. Detailed optical and electrical characterizations of such doped wires indicated their p-type conductivity with one-year stability. In our opinion, more work is still needed to make further progress on this topic. First, the quality and stability of the p-type ZnO wires need to be further improved. This will require even better control the background n-type conductivity, development of new growth methods and search for new acceptor dopants. Second, high-quality p-n junctions built with single p-type ZnO nanowires showing good breakdown characteristics need to be demonstrated. Third, electrically pumped ZnO nanowire LED and laser diode showing strong band-edge emission are highly expected. Once these milestones are achieved, it would be the beginning of the ZnO applications for solid state lighting.
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